High-resolution sub-surface imaging of carbon nanotube (CNT) networks within polymer nanocomposites is demonstrated through electrical characterization techniques based on dynamic atomic force microscopy (AFM). We compare three techniques implemented in the single-pass configuration: DC-biased amplitude modulated AFM (AM-AFM), electrostatic force microscopy (EFM) and Kelvin probe force microscopy (KPFM) in terms of the physics of sub-surface image formation and experimental robustness. The methods were applied to study the dispersion of sub-surface networks of single-walled nanotubes (SWNTs) in a polyimide (PI) matrix. We conclude that among these methods, the KPFM channel, which measures the capacitance gradient (∂C/∂d) at the second harmonic of electrical excitation, is the best channel to obtain high-contrast images of the CNT network embedded in the polymer matrix, without the influence of surface conditions. Additionally, we propose an analysis of the ∂C/∂d images as a tool to characterize the dispersion and connectivity of the CNTs.
Introduction
High-performance polymer nanocomposites are of great interest today, with applications in electronics, material science, aviation and transportation industries [1] [2] [3] . These materials exhibit two phases, a polymer matrix and a disperse phase comprised of fillers with nanometric dimensions, such as carbon nanotubes (CNTs), nanoclays, nano-oxides and other nanoparticles [4] . CNTs are widely used to improve the mechanical [5] , thermal [6] , optical [7] and electrical properties of a polymer matrix [8] and are the focus of the present research, even though the methods and analysis presented below are applicable to a much wider class of nanofillers.
A key requirement to realize the improved properties of CNT nanocomposites is to achieve a homogeneous distribution within the entire polymer matrix [9] . However, ensuring uniform CNT dispersion within the nanocomposite film remains a challenge that requires the definition of a quality dispersion indicator. The study of dispersion quality of CNT nanocomposite films needs analytical instruments that enable the characterization of CNT networks within the matrix at different length scales. Several imaging techniques have been suggested, such as Raman spectroscopy, scanning electron microscopy (SEM) and transmission electron microscopy (TEM) [10] [11] [12] . Noninvasive electrical techniques based on AFM have also been used to attain sub-surface imaging and characterization of CNTs in diverse polymer nanocomposites [13] [14] [15] . For instance, a double-pass method has been used for the sub-surface imaging of individual single-walled carbon nanotubes (SWNTs) suspended in a matrix of polymethylmethacrylate (PMMA) [13] and SWNTs embedded in polyimide nanocomposite films [14] . On the other hand, a recent technique, named DC-biased multifrequency dynamic AFM, has been applied to study 2D and 3D networks of SWNTs and doubled-walled nanotubes (DWNTs) respectively, underneath a polymer mix (SEBS-PS) [15] . Another known technique is KPFM, which has been mostly used to study the electrical properties of CNTs and charge transport at the nanotube-contact interfaces [16, 17] . It has also been applied to identify dissimilar components in heterogeneous materials [18] , and to study the dynamic variation of the local work function at the nanoscale in a poly(3,4-ethylenedioxypyrrole)/carbon nanotube composite [19] . At the microscopic scale, Kelvin probe microscopy (not AFM based) has been used to reveal the distribution of induced conductive networks of carbon black (CB) and CNTs in epoxy polymers [20] . Given the recent surge of interest in the use of dynamic electrical AFM techniques for nanocomposite characterization, there is a strong need to understand the fundamentals of image formation in these techniques, their spatial and depth resolution, and their experimental advantages and disadvantages.
By way of background it is useful to review the main dynamic electrical AFM techniques. In DC-biased AM-AFM a bias voltage is applied to the tip (or the sample) and the CNTs can be distinguished by a contrast observed in the phase images [15] . This is caused by Joule dissipation in the sample while the tip is in the attractive regime of oscillation. In EFM, an AC electrical voltage is applied across the tip-sample system and the amplitude and phase of the cantilever response at this electrical excitation frequency are recorded. In KPFM the cantilever response at the electrical excitation frequency is nulled by applying a DC bias equaling the contact potential difference between the tip and the sample. In this technique, the amplitude of the cantilever oscillation at the second harmonic of electrical excitation yields information regarding the capacitance gradient of the sample (∂C/∂d), which can be related to the local film thickness and dielectric constant. Meanwhile, the phase of the cantilever oscillation at the second harmonic of electrical excitation provides information on dielectric losses in the sample [18, 21] . These techniques can be used either in the single-pass mode or in the two-pass mode. In the former, only one scan is used to acquire simultaneously the topography of the sample and the response at the electrical excitation frequency. In the latter, a second scan is performed at a certain lift-off height from the sample topography, with a corresponding decrease in image resolution [22, 23] . Much remains to be understood and explored about the mentioned techniques, as tools to characterize CNT nanocomposites, in particular for sub-surface characterization.
For this reason, we have performed a systematic comparison of three single-pass techniques: DC-biased AM-AFM, EFM, and KPFM, applied for sub-surface imaging of SWNT networks dispersed in polyimide-SWNT nanocomposite films (PI-SWNT). On one hand, we clarify the physics of image formation that enables sub-surface imaging in each technique, taking into account the input and output signals. On the other hand, we clearly demonstrate the relative advantages and disadvantages of each method. The results indicate that the ∂C/∂d channel using KPFM is the most robust channel to capture sub-surface CNT networks because it is impervious to the electrostatics introduced by surface charges and contamination.
Finally, we address a key issue of how an analysis of the visualized CNT networks can lead to valuable metrics to judge the quality of CNT dispersion in polymer nanocomposites. This process is based on image processing and statistical functions applied to the SWNT sub-surface maps, in order to characterize the networks formed by connected SWNTs in the polymer matrix.
Materials and methods

Polyimide nanocomposite films
To synthesize PI-SWNT nanocomposites, SWNTs with diameters approximately of 1.5 nm (Carbon Nanotechnologies Inc.) are bath sonicated in dymethylacetamide (DMAc, Acros organics) for 2 h before adding 4-4 oxydianiline (Chriskrev), 3-3 , 4-4 benzophenone tetracarboxylic dianhydride (Acros Organics) and sodiumdodecylbenzene sulfonate surfactant (Aldrich, 0.2 weight per cent (%wt) with respect to polymer). After 3 h of polymerization under sonication, films are cast on glass plates, DMAc is removed at 80 • C under vacuum and the polymer is thermally imidized by a series of isothermal steps from 150 to 350 • C, thereby obtaining PI-SWNT films of 25-35 µm thicknesses. The flexible polymer films produced in this way appear yellow or opaque, depending on the SWNT concentrations. Occasionally, the film surface required cleaning by gentle wiping using a lint-free cloth soaked with isopropanol.
Samples with different concentrations of SWNTs were prepared and, based on volume and surface conductivity measurements, the percolation threshold was achieved at a relatively low concentration of SWNTs (at around 0.1 wt% of SWNTs) [24] . This implies that there is at least one conductive path of connected SWNTs in the nanocomposite film through which electric charge can flow [12] . It is possible due to the high aspect ratio, high specific surface area, and conducting properties of CNTs [25] [26] [27] . In section 3, a comparative study of the three electrical dynamic AFM techniques is performed on films with 1 wt% of SWNTs. In section 4, a dispersion analysis on PI-SWNT films is focused on the dependence of SWNTs concentration: 0.3, 0.5 and 1 wt% of SWNTs.
For the electrical measurements silver paint electrodes (PELCO Conductive Silver 187, from Ted Pella Inc.) are placed over the PI-SWNT top film surface and then connected to ground. The separation between the two electrodes was typically 2.5 mm. Mostly, the electrodes were used on top of the film, although electrodes at the bottom of the film were also tested.
AFM techniques
The techniques described below are performed using an Agilent 5500 atomic force microscope (AFM) with the MAC III accessory, characterized by having three dual phase lock-in amplifiers (LIA), useful for multifrequency measurements [22] . Imaging is performed with silicon conductive cantilevers, model AC240TM from Olympus, designed for electrical measurements. The probe is platinum (Pt) coated with a nominal tip radius of 28 ± 10 nm, a nominal spring constant (k) in the range of 0.5-4.4 N m −1 and a resonance frequency (ω 0 ) between 45 and 95 kHz.
DC-biased AM-AFM.
This technique has been used in prior work on sub-surface imaging of CNT networks in polymers [15] , demonstrating the ability to acquire sub-surface images of CNT networks and local electrical properties of the sample using the amplitude modulation dynamic mode (AM-AFM). The schematic of the experimental setup is shown in figure 1(a) .
The conductive cantilever is electrically biased using a DC voltage with positive or negative values (the sample can also be biased), while it is mechanically excited by a piezoelectric actuator at a frequency ω, equal or near to ω 0 , using a free amplitude (A 0 ) between 15 and 30 nm. The set-point amplitude (A sp ) is chosen as 0.85A 0 . This is determined, according to the amplitude versus Z and phase versus Z curves, to work in the attractive tip-sample interaction regime, characterized by net attractive forces and a phase lag above 90 • [28] . This operating regime minimizes tip-sample contact which could lead to shorting and excessive charge injection into the sample. The lock-in amplifier 1 (LIA-1) detects the AC cantilever deflection recorded by the laser photo-detector arrangement and selects the component of the signal at ω. LIA-1 output is the amplitude of the mechanical oscillation (A) and the phase shift (φ) between the driving force and the detected signal. A is used by the feedback loop of the Z servo to maintain the mechanical oscillation at A sp , which in turns implies an approximately constant tip-sample distance during scanning. As a result, topography and phase maps are acquired simultaneously.
While imaging in AM-AFM, it has been observed that when a DC bias is applied to the tip, a phase contrast develops, clearly revealing the presence of sub-surface CNTs [15, 29] . This has been attributed to a local Joule dissipation effect, which is clarified in the results presented in section 3. 
Single-pass electrostatic force microscopy (EFM).
This is based on a single-pass technique, in which independent measurements of surface topography and electrostatic forces can be performed in the non-contact mode [22, 30] . As mentioned previously, the single-pass technique provides an advantage over double-pass modes that require two scans, the first records the topography and the second senses the electrostatic interactions at a preset height offset above the surface [31] .
This technique requires two frequencies, ω and ω elec . Here the conductive cantilever is mechanically excited at ω ≈ ω 0 and an AC voltage is applied at a frequency ω elec < ω, as is shown in figure 1(b) . The AC deflection of the cantilever is sensed in parallel by LIA-1 and LIA-2. The LIA-1 reference signal is set to ω, controlling the mechanical dynamic mode of the cantilever. LIA-2 locks-in on the component of the signal at ω elec , from which two outputs can be obtained: one is the phase difference between the signal and the lock-in reference oscillator (φ elec ), and the other is the 'in-phase' component equal to the amplitude (A elec ) times the cosine of φ elec .
The cantilever amplitude (A elec ) due to the electrostatic force at ω elec (F| ω elec ) is much smaller relative to the 
Electrostatic force at 2ω elec 3 ∂C/∂d a Lock-in 1: topography and phase lag at ω. Lock-in 2: electrostatic force at ω elec . Lock-in 3: electrostatic force at 2ω elec .
average tip-sample gap Z, which is approximately A sp . This can be explained using a well-cited expression, [22, 23, 30, 32] , where d is the instantaneous tip-sample gap, indicating that this interaction is proportional to the capacitance variations with respect to tip-sample gap ∂C/∂d evaluated at the mean tip-sample separation Z and to the square of the potential difference V 2 . When a bias voltage composed of a DC offset voltage (V dc ) and an AC voltage (V 0 sin(w elec t)) is applied to the tip, then
is the surface potential of the sample. DC and frequency responses at ω elec and 2ω elec can be obtained, but in this case the component of the detected electrostatic force at ω elec is of particular interest
Therefore, EFM can be used to acquire compositional maps of the PI-SWNT film, based on the force experienced by the tip as a result of the tip-sample capacitance gradient and the potential difference between the tip and the sample. Since ∂C/∂d depends on both the local dielectric constant and the film thickness, the EFM contrast maps then reflect a combined variation in these properties and the surface potential.
Single-pass Kelvin force microscopy (KPFM).
This technique is based on the principle of the macroscopic Kelvin probe method to measure contact potential difference [33] , which has been adapted to the nanoscale [34] . In this technique an AC voltage is applied at a frequency ω elec < ω to electrically bias the cantilever as in single-pass EFM ( figure 1(b) ). The difference lies in the implementation of a feedback circuit constituted by a KPFM servo, which applies a DC voltage (V dc ) to nullify in real time the component of the electrostatic force at ω elec . From equation (1), the amplitude of the electrostatic force at ω elec is described by
Thus, knowing V dc , the local surface potential of the sample can be measured [35] .
The second harmonic of ω elec (2ω elec ) is detected using a third lock-in amplifier (LIA-3), which is connected to the photo-detector. This component is given by
Equation (2) shows that F| 2ω elec does not depend on the tip-sample contact potential difference and for fixed V ac its variations are due to relative changes in the tip-sample capacitance, providing information about the local dielectric properties [36] . It is assumed that the cantilever amplitude at the second harmonic of ω elec (A 2ω elec ) is much lower than the average tip-sample gap (Z). This technique allows the simultaneous mapping of the topography and phase from the ω signal while the surface potential and the capacitance gradient are mapped separately from the ω elec and 2ω elec signals respectively. Drawing on surface potential and capacitance gradient maps, single-pass KPFM has been used in compositional mapping of several heterogeneous polymer materials in dry and humid air [18] . For the purpose of this work, both these channels of KPFM are used to analyze the polyimide matrix with embedded SWNT networks. There are some optimization procedures that have been taken into account for EFM and KPFM measurements, which are described in more detail in [37] . These include proper tuning of the phase of LIA-2 to maximize the 'in-phase' component signal, and the setting of an adequate offset voltages to eliminate any surface potential dependence on tip-sample distance that could contribute to surface potential measurements from the cantilever and sample. Table 1 summarizes the key points of the techniques explained above.
Comparative studies of sub-surface CNT imaging in nanocomposites using three different techniques
We next compare the advantages and disadvantages of these methods with respect to sub-surface imaging of CNT networks in nanocomposites. Figure 2 shows the same region of the PI-SWNT film with 1 wt% of SWNTs, which was scanned by means of the three single-pass electrical dynamic techniques described above. Data was acquired with the The scan size of the images is 10 µm by 10 µm at a resolution of 512 by 512 pixels. These images were obtained at a rate of two lines s −1 and analyzed using WSxM SPM software [57] . Note that straight lines in the topography are not CNTs, rather they reflect the topography of the glass slide onto which these films are cast.
cantilever mechanically driven at ω = 69.85 kHz, using A 0 = 28 nm and A sp = 0.85A 0 . For EFM and KPFM, the electrical excitation was fixed at ω elec = 18 kHz. The spring constant calculated by the Sader method [38] was k = 1.94 N m −1 and the quality factor was Q = 157.
Figures 2(a), (d) and (g), clearly show that the CNTs cannot be identified in the surface topography maps, indicating that they are buried beneath the surface. However, SWNTs are clearly revealed in the other output channels, such as, φ using DC-biased AM-AFM ( figure 2(b) ), A elec in EFM (figure 2(e)), and in KPFM, for both ∂C/∂d (figure 2(i)) and surface potential maps ( figure 2(h) ). Accordingly, it can be seen that all the applied techniques are capable of sub-surface imaging of dispersed SWNTs embedded in a PI matrix. In what follows, we will discuss each method in more detail, carefully taking into account the basic principles of operation and the physics of sub-surface image formation to better understand the advantages and drawbacks of each method when performing experiments.
Understanding DC-biased AM-AFM
Positive and negative voltages can be applied to the cantilever by means of a DC power supply. When the voltage increases from 0 V to a certain value, usually in the range of ±1 to ±3 V, a clear contrast appears in the φ image ( figure 2(b) ), revealing the SWNT network located underneath the film surface as darker features compared to the PI matrix. The scale bar indicates that, during the scan, the microscope was operating in the attractive regime (phase lag φ > 90 • ).
The relation between the energy dissipated (E ts ) during tip-sample interaction and the phase lag (φ) for a cantilever with a spring constant k, quality factor Q, sinusoidally driven at a set-point amplitude A sp and a frequency ω, can be written as [15, 39] 
Meanwhile the virial of the interaction (V ts ), which is a measure of the tip-sample conservative interactions, is given by
This has two important implications. The first is that in the absence of any dissipation, sin(φ) = A sp /A 0 , regardless of how local conservative electrostatic interactions change over the sample. But in the attractive regime of operation, the formation of phase contrast implies a simultaneous contrast in dissipation and conservative interactions over the sample [39] . This raises the second interesting question, as to the origin of this energy dissipation mechanism with minimal tip-sample contact. Considering that there is a voltage between the tip and the sample, this dissipation mechanism has been identified as arising from Joule dissipation caused by a local leakage current [29, 40] . In turn this AC leakage current appears when a bias voltage is applied because the air gap capacitance is modulated by the cantilever oscillation. Thus the phase contrast arises due to spatial variations in local capacitance and resistance. The Joule dissipation mechanism has been identified as the main contributor to energy dissipation in DC-biased AM-AFM [15] , and is related to Ohmic losses [41] , or electrostatic damping [42] .
Dissipation can also depend nonlinearly on the voltage applied between the tip and the sample [29] . This situation is shown for a location of the PI-SWNT film in the first row of figure 3 . As expected, without bias there is no contrast in the phase image ( figure 3(b) ). When the voltage is increased, phase contrast emerges, revealing the SWNTs beneath the surface that were not initially detected. Here it is shown that the image obtained with the clearest contrast is for −3 V bias voltage ( figure 3(c) ). When a higher voltage is used, the sub-surface nanotubes also show up in the surface topography image, which can be considered as an artifact [15] .
Taking into account the scheme of operation discussed above ( figure 1(a) ) and the experimental results ( figure 2(b) ), the main benefit of this technique for sub-surface imaging of CNTs in a nanocomposite film is that it is a traditional AM-AFM mode that requires only one LIA. However, the phase image may be affected by the morphology and defects of the surface (figures 2(b) and 3(c)). Moreover, effective Joule dissipation usually requires a sufficiently high CNT concentration to ensure the presence of a percolation threshold and the grounding of the CNT network being imaged. When a better defined contrast is required, it is useful to subtract the phase images obtained with and without bias or with different applied voltages.
In this case, placing the electrodes on the top surface of the PI-SWNT film ensures a better grounding of the sample, considering that the thickness of the film is on the order of ≈30 µm. This is important because ground connection is a precondition for the Joule dissipation mechanism, where the dissipation contrast is affected by the capacitance modulation. The greater the thickness of the film the lower the dissipation contrast [15] . When electrodes were placed at the bottom, a phase contrast could be observed, but using higher DC bias voltages (≥ ± 7 V).
Understanding single-pass EFM
Using single-pass EFM, the CNT network underneath the surface can be visualized in the A elec cos(φ elec ) channel (figure 2(e)). Through the cantilever oscillation amplitude (A elec ) at the electrical drive frequency, this channel basically captures the magnitude of the oscillating electrostatic force (F| ω elec ) at the frequency ω elec , since φ elec changes very little over the sample. The electrostatic force F| ω elec is proportional to the capacitance gradient and the potential V between the tip and the sample, as described in equation (1), where now V ac = V 0 sin(ω elec t) with V 0 = 3 V and V dc = −2 V, which are held constant during a scan.
Assuming a tip as a truncated cone ended by a spherical apex, the total capacitance can be modeled as the sum of the tip-apex contribution (C apex ) and the stray capacitance given by the cone and the cantilever (C stray ). C apex depends on the local dielectric properties of the sample and has been defined as [43] 
where 0 is the vacuum permittivity, R is the effective radius, θ is the cone angle of the tip, d is the instantaneous tip-surface gap, r is the relative dielectric constant and h is the thickness of the nanocomposite film. C stray is independent of the local properties of the dielectric medium when h is in the nanometer range and, for small cantilever displacements, this capacitance is linear in d [44] . Moreover, when d < R/2, the influence of the cone and the cantilever can be negligible [23] . Consequently, the capacitance gradient is approximately given by [45] 
Considering that SWNTs have a higher dielectric constant compared with the PI matrix, the tip-sample capacitance is altered by the presence of SWNTs [13, 14] . Thus, the amplitude of F| ω elec varies depending on whether or not there are sub-surface nanotubes within the local volume of the nanocomposite film probed by the AFM tip. Furthermore, when the tip is over a CNT, there is a charge modulation within the nanotube induced by the tip, producing additional electrostatic tip-sample forces [46] . Although, as described by equation (1), the contrast in the signal at ω elec also arises from local differences in the surface contact potential. Comparing with the simultaneously acquired topography, this experiment shows that contrast formation for imaging the SWNT networks inside the polymer is related to spatial variations in the local capacitance gradient (which is influenced by sub-surface CNTs) and surface contact potential (which can be affected by surface contamination, atmospheric effects, humidity and is only weakly affected by sub-surface CNTs [16] ). EFM gives us a qualitative description of the sub-surface composition of the nanocomposite with a high resolution that requires slow scan velocities (0.5-1 lines s −1 ) and an adequate selection of ω elec to avoid as much as possible the crosstalk between the mechanical and electrical excitation, without degrading the resolution. Its main disadvantage lies in obtaining qualitative data without the possibility of obtaining quantifiable information of the sample properties.
Understanding single-pass KPFM
When the KPFM servo is turned on (see figure 1(b) ), it is possible to map the local surface contact potential difference on the PI-SWNTs film in figure 2(h). SWNTs can be distinguished by appearing brighter, with higher relative potential values compared to the polymer matrix (dark regions). This feature can be explained by considering the CNTs as conductive fillers [16, 20, 47] . In addition, from the amplitude response of the electrostatic force at 2ω elec (see equation (2)), ∂C/∂d can be measured and mapped as in figure 2 (i). The higher magnitude of the electrostatic force on the SWNTs compared with the polymer indicates that ∂C/∂d increases when the local effective dielectric constant increases [18, 36] , described by equation (6) . It can be observed that these SWNTs are the same as those in figure 2 (e), which confirms the dependence of F| ω elec on the capacitance gradient. Our experiments also suggest that care must be taken in the surface potential measurement, since it can be influenced by many factors, such as sample preparation and storage, contaminants, stress, temperature, trapped charges, or modifications of the tip and the sample [18, 48] . Here, it was experimentally observed how the surface potential is sensitive to surface treatment. For instance, the surface potential map of figure 3(e) shows a clear contrast between the CNTs and the polymer, this was taken in a region of the film with evidence of debris ( figure 3(d) ). After cleaning the surface with isopropanol ( figure 3(g) ), the nanotubes were no longer distinguishable in the surface potential map as before, and the relative values of surface potential decreased ( figure 3(h) ). Nevertheless, ∂C/∂d images always reveal the nanotubes located below the surface for both cases (figures 3(f) and (i)).
Based on the experimental results presented in figures 2 and 3, we conclude that KPFM can be considered the best technique to visualize sub-surface CNT networks in nanocomposite films, with ∂C/∂d being the most robust channel for the following reasons: the morphology of the surface is separated from the electrical measurements and, as opposed to single-pass EFM, the topography is not influenced by the electrostatic tip-sample interaction, since it is nullified. ∂C/∂d can be used to detect the sub-surface nanotubes regardless of the surface conditions or the conductive nature of the sample. Data regarding the local dielectric constant of dissimilar materials can be calculated from the ∂C/∂d maps for thin (h < 1 µm) and homogeneous samples using equation (6) [43] [44] [45] . For thick homogeneous samples finite-element calculations have been used based on a truncated cone with hemispherical apex probe geometry [49, 50] . Unfortunately, such finite-element models for electrostatic interactions with random heterogeneous media like the CNT nanocomposites considered here are not yet well developed. Table 2 summarizes the advantages and disadvantages of the techniques discussed above, with respect to sub-surface imaging of CNT networks in nanocomposites.
Dispersion analysis of CNT networks in polymer nanocomposites
As mentioned in section 2, electrical percolation is achieved at relatively low concentrations of SWNTs in our nanocomposite films and electrical conductivity was increased by several orders of magnitude. The performance of the nanocomposite is influenced by the quality of the CNT dispersion in the polymer matrix. In general, a good dispersion of highly conducting constituents in two-phase heterogeneous media increases conductivity [51] . However, evaluating the quality of dispersion of CNT networks, especially with respect to their electrical connectivity, continues to be a challenging issue, for which different techniques have been proposed in the literature.
Here we summarize some methods in the literature where TEM, SEM and optical confocal microscopy have been used to evaluate the dispersion of CNT nanocomposites. A quantitative method to study the dispersion of carbon nanofiber (CNF) and CNT-reinforced polymer matrix composites has been proposed [11, 51] , based on the measurement of the spacing between the inclusions of the matrix in TEM images. Sample preparation requires ultramicrotomy or ion milling processes, depending on the type of material (soft or hard), that in general cut the sample into slices. The dispersion quantities are calculated using the frequency distribution of the spacing data, taking into account that a higher dispersion grade will be characterized by uniform spacing. On the other hand, the dispersion of MWNT in polymer matrix has been studied using optical microscopy of polished sections of the nanocomposite, based upon the frequency of occurrence of agglomerates [10] . The dispersion is evaluated in the range from 1 to 10, where the latter indicates the absence of agglomerates and a uniform density distribution. SEM images obtained from SWNTs dispersed in polymer matrices are analyzed through image processing techniques, where the bundle size, persistence length, and spacing between the bundles with the fractal dimension are calculated to determine the degree of dispersion [52] . Other methods based on material homogeneity, using UV spectroscopy of PMMA/SWNT nanocomposites, and statistical analysis of images taken by optical confocal microscopy, have also been used [53] .
In comparison with other microscopy methods, the electrical AFM techniques used in this work provide high-resolution sub-surface imaging of CNT networks formed in the polymer matrix, with minimal sample preparation, and are non-invasive/non-destructive, which allows the re-use of the sample after the characterization. Here we present a method to analyze the quality of dispersion, using as a criterion the length and frequency of occurrence of agglomerates or networks formed by connected CNTs. From the proven observation that ∂C/∂d is the most robust channel for sub-surface imaging CNT networks, the network topology of ∂C/∂d maps are analyzed with image processing tools in Matlab [54] [55] [56] , from which statistical distributions of connected cluster sizes are computed.
A ∂C/∂d RGB color mode image (processed by WSxM [57] ) is taken from an scanned area of the PI-SWNT film with 1 wt% of SWNTs, as is indicated in figure 4(a) . Image processing functions in MATLAB are employed to transform the image into grayscale, and the contrast is enhanced through histogram equalization and gamma correction. Based on a threshold, the resulting image is then converted to a binary map, in which the pixels that compose the CNT network features are substituted by 1, and the background consisting of the polymer with 0 [55] . Then, in the binary image the connectivity of SWNTs is evaluated, based on how the pixels are related to each other and form continuous boundaries. For 2D images, there are two methods, one is called 4-connected and the other is 8-connected neighborhood [58] . On this occasion, due to the random orientation of CNTs, the 8-connected approximation has been chosen, where the pixels can be adjacent to each other in the horizontal, vertical and diagonal orientation [55] . From this topological analysis, a scalar geometric measure of the networks formed by the connected SWNTs can be determined. A variety of distinct SWNT clusters are present in samples, as illustrated in figure 4(b) .
Defining the connected networks formed by the SWNT in the polymer matrix allows the characterization of the CNT dispersion for quality control purposes. Specifically, given a volume fraction of SWNTs, the length and area distributions of networks in a given sample can be evaluated at different locations. Here we estimate the probability density of a SWNT cluster length through a kernel function, using the cluster area as the assigned weight of each length. The kernel density estimate is a non-parametric tool in statistical analysis of data [59, 60] 
i.e. the density estimate is the sum of scaled normal densities, which are contributions of each data point to the overall density estimate. Each contribution is determined by 1/n times a normal density with mean X i , and standard deviation h, also known as the bandwidth or smoothing parameter.
While conventional histograms require sorting of samples into discrete bins, the present method requires no such biasing of the distribution, yielding more accurate estimates of probability density. We employ the MATLAB function ksdensity to estimate the probability density with Gaussian kernels of optimal kernel width h [55] . The resulting probability distribution of length for the map of 1 wt% of SWNTs in figure 4(b) is depicted in figure 4 (c). The largest CNT network, with a length above 25 µm, is marked by the highest peak, which occupies the biggest area in the image. There are also shorter CNT networks marked by lower peaks that can be observed, but they possess substantially less area fraction in the microstructure than the largest cluster. Such behavior of a single large cluster is generally observed in percolating systems [61] .
Hence, now that the analysis process has been demonstrated using as a sample a PI-SWNT with 1 wt% loading of SWNTs, we look at the distribution of PI-SWNT films with 0.3, 0.5 and 1 wt% of SWNTs, at three different locations within each sample. The results based on AFM measurements for these samples are shown in figure 5 . It can be seen that the maximal length of connected CNT clusters is proportional to the SWNT concentration, for example, 0.3 wt% distributions exhibit the shortest lengths with a maximum value between 10 and 15 µm ( figure 5(a) ). The 0.5 wt% sample exhibits maximum lengths of approximately 20 µm ( figure 5(b) ) and the 1 wt% sample exhibits CNT networks with the largest extents among all samples of 24-28 µm ( figure 5(c) ). The trend among these samples is explained by the tendency of increased CNT concentrations to increase the formation of larger networks. From these observations it is clear that the sub-surface probing depth achieved by the present method is sufficient to resolve sub-surface SWNT cluster structures. Table 3 indicates the lengths and areas of the SWNT networks, for polymer nanocomposite films with different loadings of SWNTs.
For the three concentrations of SWNTs it is also evident that the longer lengths correspond to the largest areas. The connected SWNT networks of length between 0 and 15 µm have small areas denoted by an estimated density between 0 and 0.2. This means that for all the samples there are small areas of grouped CNTs with shorter lengths (figure 5). However, there is a remarkable peak indicating a distinguished network with a maximum length and area. Another characteristic is the similarity between the density estimation computed for the three locations (p 1 , p 2 and p 3 ) of every PI-SWNT sample with different CNT loadings. The distributions are approximately similar, having comparable values of lengths and estimated area densities, giving an estimate of the uniformity of the film with 1 wt% of SWNTs, as can be seen in figure 5(c) . The three locations present comparable density curves and peaks between 24 and 28 µm.
These observations suggest two approaches for the qualification of dispersed CNT nanocomposite samples based on the probability distribution of CNT network lengths:
(i) For a sample having a given concentration of CNTs, the homogeneous, uniform distribution of dispersed CNT networks can be assessed by comparison of probability distribution functions of CNT network lengths in different locations of the same sample. Such comparisons confirm the uniform dispersion of CNTs for each of the samples considered in the present work.
(ii) Additionally, the maximal length scale and area of CNT networks provides a measure of the size of the mechanically supporting, electrically conducting backbone in the nanocomposite. For the samples considered in the present work, these quantities are correlated directly with the concentration of CNTs (see table 3 ), suggesting that the efficiency with which CNTs are dispersed at higher concentration is not suppressed. The in-plane electrical resistance of 14 mm × 5 mm × 30 µm CNT-polymer nanocomposite films was measured, the values of which are listed in table 3. Maximal length and area of CNT networks are inversely correlated with the electrical resistance, confirming the efficacy of these measures to qualify dispersions in a way that is sensitive to transport processes.
Conclusions
This work presents a comparative study of non-invasive electrical techniques, based on single-pass dynamic AFM for sub-surface imaging SWNT networks formed in a PI matrix. These methods are characterized by relatively minimum sample preparation when compared with other microscopy methods and offer non-destructive and high-resolution capabilities under ambient conditions. Single-pass DC-biased AM-AFM, single-pass EFM, and single-pass KPFM are compared based on input and output signals and the physics of sub-surface image formation, in polymer nanocomposites in general and in particular PI-SWNT films. From the experimental results and taking into account the principles of operation, it is suggested that each technique opens up a broad range of options to characterize nanocomposites, using the sub-surface compositional images to extract information about CNT connectivity, dispersion, and the local surface potential. We conclude that ∂C/∂d is the most robust channel for sub-surface CNT visualization and characterization, obtained from the second harmonic of electrical excitation when single-pass KPFM is applied.
Finally, we present an image processing method of ∂C/∂d maps, to analyze the quality of dispersion of CNTs and their connectivity distribution. The computed parameters and the uniformity of the CNT network distribution evaluated at different locations, are strong indicators of how well dispersed and connected the CNTs are within the polymer matrix. Additionally, the present results demonstrate that sub-surface AFM measurements are highly sensitive to percolation in heterogeneous media. We expect that the results presented here will be of broad significance to the high-resolution sub-surface characterization of complex nanocomposites using electrical dynamic AFM methods.
